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Consisting of carefully designed nanoscale features, a meta-surface can efficiently 
control the amplitude and phase of EM waves. However, the major remaining obstacle in 
meta-surface applications has been the lack of scalable nanomanufacturing methods to 
produce meta-surface devices with practically-large area size. As an example, 
holographic display is being developed for next generation mobile phones. However, 
manufacturing of miniature gratings for the holographic projectors cost a few thousand 
dollars today, not making the concept practical for commercial purposes.  
 
In this thesis, we discuss the feasibility of self-assembled nanoparticles to manufacture 
holographic gratings cost-effectively and at the nanoscale. A hydrophobic self-assembled 
monolayer (SAM) was used to modify the surface of silicon. Direct-write ultraviolet laser 
lithography was used for photothermal patterning and obtained a hydrophobic-
hydrophilic pattern. Experimental and numerical analysis of the patterning technique was 
conducted to investigate a possibility photothermal patterning mechanism. Lastly, the 
patterned substrate was functionalized with gold nanoparticles to show the feasibility of 
producing the holographic gratings. Using our approach, the gratings can be 
manufactured at the cost of a few US dollars per chip. Extension of this work can 






CHAPTER 1. INTRODUCTION 
1.1 Introduction 
Richard Feynman, in his revolutionary talk- “There’s plenty of room at the bottom”, first 
talked about miniaturizing everything-right from everyday things like books, computers 
to mass manufacturing factories("There's plenty of room at the bottom,").  Also, as we 
narrow down to the atomic scale, the defects decrease, making more efficient and 
miniature devices. Lab-on-chip devices, improved drug-delivery techniques, smaller 
integrated chips("Research Challenges for integrated systems nanomanufacturing," 2008), 
nano-empowered solar cells and energy sources, stronger nano-materials, self-healing 
materials, bio-chips, nano-fluidic chips, smaller memory and electronic devices etc. are a 
few examples where nanotechnology is being used increasingly to make smaller and 
smarter devices(Chen, Xia, Yong-Lai, & Sun, 2011; Eijkel & Berg, 2005; Lamb; Mendes, 
Yeung, & Preece, 2007; "NSF-EC Workshop on Nanomanufacturing and Processing 









Nanopatterning techniques are used to manufacture any feature size smaller than 100nm. 
Nanopatterning techniques are traditionally divided broadly into two categories- 1) Top-
down approach, i.e., removing material from bulk material to make a pattern and 2) 
Bottom-up approach, i.e., arranging material from scratch to form a pattern. In addition, 
we see a new approach emerging today- the hybrid approach. In this approach, the top 
down and the bottom up approaches are combined at various stages of the patterning 
process to obtain the final pattern (Hah et al., 2006; Rodgers, 2006).  
Optical Lithography and electron beam lithography are the conventional methods of 
patterning used in industry. Optical lithography is the most used technique in industry. 
However, these techniques involve drawbacks like high equipment cost, diffraction 
limited feature size, low throughput rates etc. To overcome these drawbacks, 
unconventional methods like nanoimprint lithography, soft lithography, dip-pen 
lithography, micro-contact printing, Atomic Force Microscopy (AFM)/ Scanning Probe 
Microscopy (SPM) –based lithography(Di Ventra, Evoy, & Heflin, 2004) (Pimpin & 
Srituravanich, 2011)etc. were developed. A brief description of the various lithography 
techniques is given in table-1.1 and table-1.2. 
 
Table 1.1. Conventional and unconventional top-down lithography techniques (Geissler 
& Xia, 2004; Odom, 2004; Pimpin & Srituravanich, 2011; Qin & Riggs, 2012). 
 
Technique Principle Feature size 
Range 
Photolithography(B.W.; Di 
Ventra, et al., 2004; Lin, 
2006; Maldonado, 1990; 
Peckerar & Maldonado, 1993; 
Rice, 2014; Rogers & Lee, 
2008; Ronse, 2006; H. I. 
Smith & D.C, 1980) 
Light (visible, IR, NIR, UV, VUV, X-
ray) is focused on a photoresist through 
a patterned mask. Depending on the 
















Technique Principle Feature Size 
Range 
Electron Beam 
Lithography(Baglin, 2012; Di 
Ventra, et al., 2004; Joshi-
Imre & Bauerdick, 2014; 
Tseng, Kuan, Chen, & Ma, 
2003; Xiang) 
Beams of electrons or ions are focused 
on a resist to form the required pattern 
using direct-write technique. The 
electron beam changes the solubility of 
the resist. Etching is done to get the 
final pattern. 
<10nm 
Atomic Force/ Scanning 
Probe Lithography ( "Atomic 
force microscopy-based force 
spectroscopy - biological and 
biomedical applications," 
2012; Di Ventra, et al., 2004; 
Haynes & Van Duyne, 2001; 
Salaita, Wang, & Mirkin, 
2007; Tang, Shi, & Zhou, 
2004; Xie, Chung, Sow, & 
Wee, 2006) 
Atomic force microscope/Scanning 
tunneling microscope probe is used to 
mechanically/electrically/chemically 




Torres, & Gupta, 2011; 
Viheriala, Niemi, Kontio, & 
Pessa, 2010; Whitesides, 
Ostuni, Takayama, Jiang, & 
Ingber, 2001; Xia & 
Whitesides, 1998) 
Elastomer stamps or molds of the 
required pattern are used to make 
replicas, followed by other processing 






Table 1.2. Bottom-up techniques (Biswas et al., 2012). 
 
 




Ventra, et al., 2004; 
Haynes & Van 
Duyne, 2001; Tjong, 
2003; Ulman, 1996) 
Organic chains/molecules self-assemble on a 
surface. Patterning is done before/after self-
assembly to form required patterns. Block 
copolymer layers, nanosphere lithography are 




(Hench & West, 
1990) 
Colloids/nanoparticles of size 1nm-1000nm are 
suspended in gel. Further processing steps 
results in nano-sized porous sponge-like uniform 





al., 2009; Wu & 
Chopra, 2012) 
Vapour phase precursors are put under a hot 
chamber under appropriate nucleating conditions 
to get thin coating on the substrate  
<10nm 
DNA Scaffolding The strands of the DNA are used as supporting 




In this thesis, we concentrate on photolithography and self-assembled monolayers. Hence, 
only these two topics will be discussed in detail hereafter. 
 
1.2 Photolithography 
Light is used for patterning the substrate in this method. Though initially only the visible 
spectrum was considered to be optical lithography, today any wavelength in the 





lithography etc.) is also included in this category. In optical lithography, the substrate is 
coated with a photo resist material. The required pattern placed on the photoresist and 
light/EM waves are irradiated on the pattern. Then the substrate and photoresist are 
placed in a developer solution. Two types of resists exist- positive and negative. The 
irradiated part dissolves in the developer solution if the resist is positive. The non-
irradiated part dissolves in the developer solution if the resist is negative. Depending on 
the resist used, a pattern is created on the substrate by the photoresist. This substrate is 
etched chemically and the photoresist id removed to get the final pattern on the substrate.  
The process is illustrated in figure 1.2. 
Photolithography is widely used in many industries today- mainly, the semi-conductor 
industry. Very small dimensions (of the order of λ/2, where λ is the wavelength of the 
radiation used) can be obtained using this technique. Also, this technique gives high 
throughput and is convenient for automation.  
 
 





However, the method suffers several setbacks. The most important being its diffraction-
limited behaviour. The wavelength of the radiation used limits the minimum feature size 
that can be achieved using photolithography.  
 
                                             Rayleigh’s resolution: R= 
     
  
    and  




                                                          where λ= Wavelength of the radiation 
                                                                                NA= numerical Aperture of lens 
                                                                                    Process related constant 
Moore’s law states that every two years, the number of transistors on an integrated circuit 
chips doubles. We already see sub-100nm lithography today. According to Moore’s law, 
we need smaller feature sizes in the future. With the ever increasing demand for smaller 
feature sizes, diffraction-limited behaviour is a serious setback for using 
photolithography in the future.  
Furthermore, pattern damage while resist removal, low throughput rates, difficulty in 
patterning non-flat surfaces and cost of equipment make it difficult to use it this 
technique. To overcome these setbacks, several alternative methods(Rothschild et al., 
2003) of this method are in practice. A brief discussion is given in Appendix-A.  
 
1.3 Direct-Write Laser Lithography 
Maskless techniques are being increasingly used among the modified techniques. Direct 
write lithography is one such technique. Direct writing is used for photolithography, 
electron beam lithography, x-ray lithography and many other processes. This section 
describes direct-write photolithography. As discussed, conventional photolithography 
techniques use a mask and a resist. Lithography without the use of mask or resist makes 
the process more flexible and less complex. In this process the light, instead of being 
projected on to a mask, is focused to a thin beam and is used to write the required 
patterns(Jordan S. Miller, Béthencourt, Hahn, Lee, & West, 2006; Clemens Rensch, 
Stefan Hell, Manfred v. Schickfus, & Siegfried Hunklinger, 1989). In this thesis, we 





avoiding the restrictions discussed in the masked processes like pattern damage while 
mask removal, limitation of the pattern an dimensions, mask manufacturing costs etc. 
The laser or the stage is moved in the required path to obtain the required patterns. Many 
stages which can be moved vectorially or by raster scan have been developed lately 
(Clemens Rensch, Stefan Hell, Manfred v Schickfus, & Siegfried Hunklinger, 1989). 
Commercial softwares and scanning platforms are available today for this purpose. This 
technique is used widely in applications like manufacture of optical disk masters, micro 
and nano-fluidic devices, optical gratings, bioMEMs etc. Continuous and pulsed lasers 
can be used for this technique. It has been observed that dimensions of the order as small 
as λ/10 (where λ is the wavelength of laser used) can be produced using the direct write 
technique (Inoe, Ishida, Choi, Mizutani, & Tokumoto, 1998) (Dahlhaus, Franzka, 
Hasselbrink, & Hartmann, 2006). Also, direct writing method can use pulsed lasers, thus 
accommodating nano-, pico- and femto-second manufacturing. This has led to drastic 
improvements in manufacturing processes. 
 
1.4 Self-assembled Monolayers 
When a drop of oil is dropped on water, it spreads on the surface of the water, forming a 
thin layer. In this case, every molecule/chain of oil is assembled on a molecule of water 
automatically. This process is known as self-assembly. This phenomenon is seen in many 
liquid-liquid and liquid-solid pairs. If only one layer of molecules self-assembles on top 
of each substrate molecule, it is called monolayer. If the monolayer is formed by a liquid 
on another liquid, it is called a Langmuir-Blodgett film. If the monolayer is formed on a 
solid surface, it is called a self-assembled monolayer. 
 
 






The self-assembled monolayers contain three parts: 1) head group 2) Functional group 
and the 3) tail as shown in fig.1.3. The head group is the chemical group which has 
affinity to the substrate. It reacts with the substrate physically or chemically, forming a 
bond with the substrate. The tail is the chain length (usually number of carbon chains for 
organic chains). This tail group affects several important properties of the SAM like 
thickness of the SAM layer, density of the SAM, desorption properties of SAM etc. The 
functional group is the end group of the SAM chain. It determines the surface properties, 
chemical reactivity and other properties of the SAM.  
For example, silicon (Si) and gold (Au) are the two most common substrates used to 
grow SAM’s(Ulman, 1996). Gold reacts with thiol groups and silicon reacts with thiols 
(for H-terminated surface) or silanes, alcohols and halogens (Aswal, Lenfant, Guerin, 
Yakhmi, & Vuillaume, 2006; Mino et al., 1993) (for oxide terminated surfaces). 
 
1.4.1 Brief Explanation of SAM reactions with Si  
As discussed, the head group of the SAM reacts with the substrate, forming a chemical 
bond. In case of silicon, two surface groups exist: 1) native oxide surface and 2) 
hydrogen-terminated surface. Silicon naturally is covered with an oxide layer called the 
native oxide. This layer has the tail group of –OH. For many applications, especially 
electronics, the oxide layer needs to be removed for various reasons like increasing the 
conductivity etc. This layer without the native oxide has the tail group of –H. These –H 
and –OH groups play a major role in the chemical reactivity of the silicon surface.  
 
1.4.2 SAM Reactions on Native Oxide Si Substrate 
All silicon surfaces naturally react with the oxygen/moisture present in the atmosphere to 
form an oxide layer. Also, silicon/silica surfaces have a thin film of moisture on them. 
This thin film of moisture is one of the main factors which initiate the reaction 
(Srinivasan, Houston, Howe, & Maboudian, 1998). As shown in fig. 1.4, Si surface has a 
thin layer of native oxide (    ). The substrate is cleaned with piranha acid. The native 
oxide is removed using HF. The cleaned pure Si surface is hydrolyzed to get the –OH 









Figure 1.4. Techniques of modifying native oxide Si to form various SAM. 
 
The chemical reactions involved on the surface are shown in fig. 1.5. The water layer 
plays an important role in initiating the reaction. Excess water can lead to polymerization 
(Srinivasan, et al., 1998; Srinivasan, Houston, Rowe, & Maboudian, 1997). The step-1, 
physiosorption shows an intermediate water layer on the native oxide layer. The –H of 
the water (H-OH) reacts with the –X (i.e., halide group of silane) forming HX. The –OH 
group is attached to the silane group. This –OH on the silane reacts with the –OH of the 
native oxide, forming the O-Si-O bonds. In case the silane has a single reaction center 
(halide groups/alcohol groups), the SAM is bonded to the substrate by a single bond. In 
case there are more than a single reaction sites, multiple bonds are formed as shown in 
the in-plane reticulation part of fig 1.5. The inter-chain bonds play an important role in 







     
 
Figure 1.5. Reactions involved in the formation of SAM on native oxidized Si. Steps 1-4: 
1) Physisorption, 2) Hydrolysis 3) Covalent grafting to the substrate 4) in-plane 
reticulation. 
 
Silane is an inorganic silicon-compound, with the chemical formula     . Most of the 
silanes are a variation of the compound, substituting one –H with alkyl chains and the 
other –H groups with alkyl chains, alcohols, halides etc. Various silanes are used for 
SAM reactions. Some of the common silanes used for SAMs are listed in the table-1.3 
(Nicole Herzer, Stephanie Hoeppener, & Ulrich S. Schubert, 2010). 
 
Further discussion about the thermal and chemical stability will be done in the next 
chapters. Reactions on –H terminated silicon substrates, general SAM experimental 







Table 1.3. Common silanes Precursors.(N. Herzer, S. Hoeppener, & U. S. Schubert, 2010) 
 
 
1.4.3 Self-assembly on Gold Substrate 
Gold substrates are commonly used for self-assembly.  Thiols are the most commonly 
used functional groups used on gold substrates. Organosulphurs are extensively studied 
for reactions with gold. Additionally, di-n -alkyl sulfide, di-n-alkyl disulfides, 
thiophenols, mercaptopyridines, mercaptoanilines, thiophenes, cysteines, xanthates, Thio-
carbaminates, thiocarbamates, thioureas, mercaptoimidazoles, and alkaneselenols are also 
used widely for SAMs on gold. Like silicon, Au doesn’t have an oxide layer on its 






natural tendency of Au to form an oxide layer, the reaction initiates by ionic attraction. 
Au forms a positive ion during the reaction and the –SH forms a negative. The ionic 
reaction proceeds to form the thiol-gold bond, releasing hyfrogen. The reaction is briefly 
explained below (Ulman, 1996). 
R-S-H +    
                                      .    
  + 
 
 
   
 
 
1.5 Multi-layer Self Assembly 
Just as a monolayer is grown on a substrate, monolayers can be formed on top of 
monolayers by a similar process. These are known as multilayers. The process of 
formation is known as multilayer self-assembly. Multi-layer self-assembly has interesting 
applications in electronics, optics, surface orientation coatings etc. (Xu, Chen, Choi, 
Konish, & Li, 2013). For example, a multi-layer of gold nanoparticles were deposited on 
patterned OTS/Si substrates. The gold nanoparticles remained as individual entities and 
were not fused. This changed the gold coating properties to non-metal like behaviour and 
changes in optical and electrical properties were reported(Brust, Bethell, Kiely, & 
Schiffrin, 1998). Also, these gold nanoparticles can be fused to give them metal-like 
properties with modified procedures. Many other metals like Al, Si nanoparticles etc. are 
also being used increasingly. This technique is also used extensively in biological 
applications("Atomic force microscopy-based force spectroscopy - biological and 
biomedical applications," 2012; Sun, Li, & Wang, 2012). 
Multilayers can be formed using various materials, similar to those discussed in the single 
monolayer self-assembly process. However, apart from the conventional precursor and 
substrate materials, we have a third element-called the “Linker” element which acts as a 
chemical bond (similar to an adhesive) between two monolayers. In certain cases, instead 
of the linker chain, the head group of the SAM precursor which reacts with the functional 
group of the next monolayer is chosen. Fig. 1.6 shows a schematic showing the 








Figure 1.6. Components of a multi-layer self-assembly. 
 
The mechanism of multi-layer assembly of gold nanoparticles on silicon substrate is 
studied in this section as we will be using similar reactions in this thesis. However, 
similar reactions on various substrates using several precursors have been studied by 
many groups (Decher & Hong, 1991; Hah, et al., 2006; Sun, et al., 2012; Ulman, 1996). 
A brief explanation of the multilayer assembly in the case of Au nanoparticles is shown 
in fig. 1.7, silicon substrate is functionalized with a thiol group. As discussed, thiols react 
with gold nanoparticles to form a chemical bond. These nanoparticles react with a bi-
functional thiol group. The bi-functional thiol group is called the linker unit. Gold 
nanoparticles react with thiols, forming dangling thiol groups around the nanoparticle. 
These dangling thiol groups further react with gold nanoparticles, forming a second 
monolayer. Similar method is used to form further monolayers. Fig. 1.7 shows the 








Figure 1.7. Gold nanoparticle self-assembly on silicon substrate. 
 
1.6 Patterning Techniques of Self-assembled Monolayers 
Self-assembled layers have been used lately in many applications. They are used to 
change the surface properties like stiction reduction(Srinivasan, et al., 1997), photomasks 
and resists(Nicole Herzer, et al., 2010), bio-chips, manufacturing pallets for biological 
and inorganic arrays(Bardecker et al., 2012; J. S. Miller, Bethencourt, Hahn, Lee, & West, 
2006) etc. Patterning SAMs opens a huge scope for various applications. 
Most processes discussed in table 1 are used to pattern SAMs(Kumar, Biebuyck, & 
Whitesides, 1994; R. K. Smith, Lewis, & Weiss, 2004). As discussed earlier, 
photolithography is a widely used technique. Patterning by photolithography has been 
reported by many research groups (Dahlhaus, et al., 2006; Hartmann, Franzka, Koch, 
Ostendorf, & Chichkov, 2008; N. Herzer, et al., 2010; Klingebiel, Scheres, Franzka, 
Zuilhof, & Hartmann, 2010; Pena, Wang, Whitehead, & Li, 2010). It was done using 
masks and excimer lamps initially. The first photopatterning of OTS SAM was done 
using excimer lasers of wavelengths 248nm and 192nm (Tjong, 2003). Many groups have 
used various techniques of photopatterning: both masked and maskless techniques. Direct 
write technique has been widely used for this purpose. Continuous and pulsed laser have 
been used for this purpose. Feature sizes as small as /10 have been observed with direct 
write technique. (Dahlhaus, et al., 2006; Hartmann, et al., 2008; Joglekar et al., 2003; 
Klingebiel, et al., 2010; Nae, Saito, & Takai, 2007; Pena, et al., 2010) This sub 







1.6.1 Photopatterning of SAM 
When the substrate is coated, there are other mechanisms by which patterning is done. In 
this section, we will specifically deal with the mechanisms involving self-assembled 
monolayers. Two mechanisms viz., photothermal and photochemical processing are the 
most prominent mechanisms (Bauerle, 2011). 
 
1.6.2 Photochemical Patterning of SAM 
When laser is incident on the substrate, if the energy of the photon is greater than the 
dissociation energy of the bonds, the bond is ruptured directly. Thus, the SAM is 
removed directly by bond breaking and patterning is done. No temperature increase is 
seen in the substrate due to patterning. 
 
1.6.3 Photophysical Patterning of SAM 
When laser is incident on the substrate, if the photon energy is absorbed by the lattice and 
increases the temperature of the substrate, the technique is known as photothermal 
patterning. Lattice vibrations are called phonons. These phonons resonate with photons, 
increasing the temperature. 
However, purely photothermal or photo-chemical mechanisms are not seen in practical 
applications. A combination of these two mechanisms, called the photophysical 
mechanisms is seen. Patterning mechanisms for SAMs are complicated and is being 
studied by many groups. 
 
1.7 Thesis Scope and Organization 
Nanopatterning techniques have been used to miniaturize many devices and things- 
everyday to hi-tech devices. Holographic display will be used in next generation mobile 
phones. However, the commercial implementation of holographic display has been 
difficult due to many reasons- one of the reasons being the high cost of the holographic 
gratings. Today, the gratings cost around ten thousand dollars, not making it suitable to 
commercially use them for everyday devices. In this thesis, we have used gold 






feasibility for 20nm patterning is shown. The overall cost to produce each grating using 
our process is only a few dollars. Thus, we show a process which decreases the size of 
the grating and the manufacturing cost of the gratings.  However, holographic grating is 
only one potential application and there are various fields where the process can be 
applied. The thesis details the general process and the last chapter discusses the gold 
nanoparticle assembly specifically, demonstrating the feasibility of the gratings. We 
discuss the following aspects: 
 Hydrophobic/hydrophilic patterns have been demonstrated using FDTS/Si self-
assembled monolayers. Further application of amphiphilic patterns of 
oraganic/metal patterned substrates was demonstrated using FDTS/Au 
nanoparticle patterns on Silicon. 
 Possible feature size reduction was discussed. Possibility of a photothermal 
process patterning was discussed. Also, the possibility of reducing the feature size 
using this technique was discussed theoretically.  
 It has been demonstrated that high throughput rates of 10 m/s can be obtained by 
rotating disc. However, vibrations of the rotating disc cause de-focusing of the 
laser spot. A real-time control system design to reduce the de-focusing of the laser 
has been discussed. 
 
The structure of the thesis is as follows: 
Chapter-1 has given an introduction to the various patterning techniques. In specific, the 
direct write techniques, self-assembled monolayers, multi-layer self-assembly and 
mechanisms of photopatterning have been discussed. 
Chapter-2 discusses the optical setup of the patterning experiment.  Also, the control 
system design will be discussed in this chapter. 
Chapter-3 discusses the hydrophobic surface modification of Silicon using self-assembly 
process. A monolayer of FDTS was self-assembled on native oxide silicon. The 
experimental process, results and characterization are discussed. 
Chapter-4 discusses the patterning technique used to obtain the hydrophobic/hydrophilic 






mechanism in patterning. Also, simulations predicting 20nm feature size patterning are 
discussed. 
Chapter-5 demonstrates the surface characterization of the amphiphilic substrate 
obtained in chapter-4. Gold nanoparticle monolayer assembly was demonstrated. 







CHAPTER 2. OPTICAL SYSTEM SETUP 
2.1 Introduction 
It has been discussed that direct-write lithography has been increasingly used today. High 
throughput, low cost and flexibility are the main factors that boost the use of this 
technique. A high throughput rate of 10m/s has already been reported (Srituravanich et al., 
2008). The technique uses a rotating disk on which plasmonic lithography is done. When 
the disc is rotating, an important concern is the vibration of the disk. The disc vibrates at 
the order of a hundred microns perpendicular to the plane of rotation. This variation 
causes the disk to get out of focus as shown in fig. 2.1. Fig. 2.1a shows the spot size when 
the disc is the farthest from the lens. Fig. 2.1.b shows the spot when the beam is in focus 
and fig. 2.1c shows the spot size when the disc is nearest to the lens. This leads to 
defective patterns. This can be avoided by keeping the distance between the disk and the 
lens constant.  
a) b) c)  
 
Figure 2.1. Variation of the cross section of the laser beam w.r.t the position of the lens. a) 
shows the cross section when the disc is farthest from the lens, b) in focus and c) when 
disc is nearest to the lens. Note that the small white point not labelled is the mouse cursor 







a) b) c)  
 
Figure 2.2. Non-uniform pattern formed due to beam focus problems. a) shows the beam 
in focus writing on the disc (black line), b) shows the beam getting out of focus and no 
longer writing on the disc and c) shows the beam completely out of focus and not writing 
on the disc. 
 
When the disc is in position and the beam is focused, the laser writes on the disc. This is 
shown by the black line on the disc in fig. 2.2.a. However, when the laser is out of focus, 
the laser doesn’t write, thus not giving a uniform pattern while the substrate is rotating. 
Fig. 2.2a shows the focused laser writing on the substrate (black mark). The spot seems 
blurred due to the rotation of the disc. Fig. 2.2b shows the laser going out of focus and so 
stops writing on the disc. We can see the black line no longer following the laser spot. 
The laser spot is completely out of focus in fig. 2.2c. We can see that the substrate is also 
no longer clearly visible. 
To avoid this problem of the laser getting de-focused and writing an uneven pattern, we 
need to maintain distance between the disc and laser constant (in focus). To keep the 
distance between disk and the lens constant, we try to control the lens position relative to 
the disk vibrations. This can be done by using astigmatic lens combination. Similar 
principle is used in optical disk drive read/write controls. 
 
2.2 Astigmatic Lens combination Principle 
When the light from an object is focused using a lens, the horizontal and vertical planes 
are focused to a single horizontal and vertical plane, giving a synchronized image of the 
object. However, when an object is focused using a lens with variation in the horizontal 
and vertical focal lengths, the vertical and the horizontal planes are focused at different 








Figure 2.3.  Astigmatic lens combination planes of focus. 
 
Astigmatic lens combination is used to control the tracking/reading of optical disks. The 
distance between the lens and the disc is maintained constant to obtain a uniform pattern. 
A cylindrical lens is used to focus the light of the object in a different horizontal plane. 
As the disk moves closer to the lens, the horizontal focus moves to the right of the plane 
as shown in the figure 2.4.a. As the disk moves away from the lens, the horizontal focus 
moves towards the left. The brown spot shows the farthest point of the disc from the lens, 
green spot shows the focused spot and yellow spot shows the nearest point of the disc 
from the lens. This results in a change in the shape of the laser beam from circle to 
elliptical as shown in fig. 2.4.b. This change in shape is used as a feedback signal. 
Fig.2.4.b shows the change in cross section of the laser beam at the farthest, focused and 
nearest point. This change in shape of the beam is used as an indication of the change in 
position of the lens. A sensor is used to sense the change in shape. 
 
 
Figure 2.4. Image distance and cross section of beam after passing through astigmatic 
lens. a) The image position of the laser. b) The variation of the cross section of beam 








Figure. 2.4. Continued. 
 
2.3 Overview of Control System 
A laser beam is focused on the rotating disc. Light has a tendency to travel back in the 
same path it is projected. Hence, a feedback signal from the rotating disc is sent through 
the astigmatic lens combination. The modified signal from the astigmatic lens is sent to 
the sensor. The working of the sensor and the setup are described in detail later. The 
sensor gives out the error. The error minimization is done using a PID controller. The 
lens is supported on a piezo-actuator. The appropriate output from the PID is sent to the 
actuator, thus controlling the lens. The loop continues as shown in fig. 2.5, thus providing 




Figure 2.5. Overview of optical system flow. 
 
2.4 Overview of Rotating Disc and Sensor Setup 
The sections labeled Rotating disc, astigmatic lens combination and the sensor in fig. 2.5 






the beam splitter, waveplate, mirror 1, mirror 2, mirror 3, diverging lens and prism as 
shown in the blue path) to be projected on the objective lens and finally focused on the 
rotating disc. The black arrows denote the forward transmission of the laser. Light traces 
back in the same path it travelled when reflected perpendicular to the surface. This light 
which travels backwards gives the position of the lens w.r.t. the disc, thus acting as the 
feedback. This is denoted by the gray arrows. The beam which travels back is split using 
the beam splitter. This is represented with the gray path line. This feedback signal is sent 
through the astigmatic lens combination discussed above. This modified signal gives the 
appropriate signals- Vsum, L-R and B-T. A schematic of the apparatus is shown below.  
A schematic of the setup is shown in fig. 2.6. 
 
 
Figure 2.6. Experimental setup schematic. 
 
2.4.1 Working of Sensor 
This signal from the cylindrical lens is sent to the sensor. The sensor is divided into four 








Figure 2.7. Sensor input for various beam cross-sections. 
 
A piezoelectric sensor is used. As shown, four quadrants which give out current outputs 





As shown in fig. 2.7, the input to the various quadrants- A, B, C and D changes. When 
the beam is perfectly focused, as denoted by the circular green spot, the signals B-T and 
L-R will be zero. L-R and B-T signals change as the shape changes to the other two cross 
sections. 
 
2.5 Apparatus and Components 
The apparatus setup is shown in fig. 2.6. The detailed procedure, apparatus and 








Figure 2.8. Experimental setup of optical system. 
 
2.6 LabVIEW Program 
The sensor signals Vsum, L-R and B-T are taken. The ratio of L-R/Vsum and B-T/Vsum 
(normalized values of L-R and B-T) are calculated. The normalized values are used as the 
L-R and B-T values change as we increase the intensity of light used. To avoid this 
change with change in intensity, normalized values are used. The L-R/Vsum is scaled 
accordingly and the actuator output value is obtained. The output is connected to the 
piezo actuator. The LabVIEW front panel and control panel are shown in fig. 2.9 and fig. 
2.10 respectively. The connections are described in Appendix-C. The FPGA is used to 
read the values from the sensor and connecting block. The labVIEW program reading the 


























































Figure 2.11. FPGA LabVIEW program to read the sensor input and outputs.  
a) connecting panel and b) front panel. 
 
2.7 Results and Discussion 
2.7.1 Focus Error 
As discussed above, the cross section of the laser spot changes as the disc moves nearer 
and away from the lens. The circular cross section changes to an ellipse accordingly. The 
major axis of the ellipse changes by a rotation of    , depending on the top and bottom 
extremes of the disc with respect to the lens. This change is measured using the sensor 
and the L-R signal is known as the “Focus error”. This focus error is plotted w.r.t. the 
position of the rotating disc and an ‘S’ curve is observed as shown in fig. 2.12. This S-
curve is used for optimizing the system to get optimum feedback signal.  As shown in the 
fig. 2.12, the error is linear and then gets dispersed. We try to maximize the setup only 
considering the linear plot of the graph. The steeper the curve (i.e., greater the slope of 








Figure 2.12. S-curve of an astigmatic system, showing the sensitivity of the sensor. 
 
2.7.2 Experimental Results 
The focus error graph obtained for our experiment is shown in fig. 2.13: 
 
 



























Resolution is defined as 
Resolution = (Slope)* (Sensor minimum reading) 
From the graph in fig. 22, the slope is calculated as 
Slope = 
         
   
 = 15 micron. 
Sensor Minimum Reading = 
   
    
 =0.0001 
Hence, Resolution = 15*     m *      
           = 1.5 nm 
Hence, the resolution of the sensor was found to be 1.5 nm. 
 
2.8 Summary 
It has been shown before that high throughput rates of 10m/s can be achieved by rotating 
the substrate (disc). However, one major concern while rotating the disc is the vibration 
of the substrate. The disc vibrates perpendicular to plane of rotation in the order of a few 
microns, causing the laser beam to lose focus. To address this concern, we intend to move 
the objective lens relative to the vibration amplitude of the disc, thus maintaining 
constant distance between the disc and the objective lens. This makes sure that the beam 
stays in focus. To sense the movement of the disc, an astigmatic lens combination is used. 
This change in the cross section of the beam is sensed using a photo-senor. The inputs 
from the sensor are used to generate the required output to the piezo-actuator (on which 
the objective lens rests) using LabVIEW. The resolution of the sensor was calculated to 






CHAPTER 3. SELF-ASSEMBLED MONOLAYERS 
3.1 Introduction 
Self-assembled monolayers are used in many applications involving amphiphilic surfaces. 
In this chapter, we discuss the coating procedures and characterization of a hydrophobic 
surface. 
3.2 Chemical Reactions involved 
As discussed in the literature review, SAMs are formed by chemisorption of the precursor 
on the substrate. We use FDTS precursor on native oxide Si wafer in this experiment. Si 
has a natural moisture layer on its surface. The chlorine groups in FDTS (shown in fig. 22) 
react with the water molecules, giving out HCl. The chlorine atoms are replaced by –OH 
group in this reaction. These –OH molecules react with the native oxide layer (-OH) to 
give out water. Thus, a O-Si-O bond is formed. Also, the –OH groups on the silane react 
with other –OH groups on neighboring –OH groups, forming a cross-link bond siloxanes. 
This is shown in fig. 3.1. 
 
 






3.3 Experimental Details 
3.3.1 Silicon Wafers 
Native oxide single crystal Si(100) is used as a substrate in this experiment. Four inch p-
doped wafers were used in this experiment. Note that the doping of the substrate doesn’t 




1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS) is used as the precursor molecule. 
The structure of FDTS is as shown in fig. 3.2. FDTS is a silane. The functional group 
consists of C-F bonds. This makes the functional group very hydrophobic. The head 
group consists of three chlorine groups. The chemical is very reactive with moisture. It 
forms HCl vapours. Care must be taken while use. Also, the chemical polymerizes as the 
temperature increases and when the reaction occurs in air. Inert gas atmosphere is 
recommended during reactions. 
 
 
Figure 3.2. Structure of FDTS. 
 
The chemical was obtained from SynQuest Labs Inc., Florida. The concentration was 














3.3.3 Chemicals Used 
The chemicals used in the experiment are shown in table 3.1. 
 
Table 3.1. Chemicals used to prepare FDTS/Si substrate. 
 
Chemical Purity Quantity Vendor 
FDTS 98% 0.058 grams Synquest Labs Inc. 
Iso-octane Anhydrous, 99.8% 300 mL Sigma Aldrich 
2-Propanol Anhydrous, 99.5% 150 mL Sigma Aldrich 
Deionized water  200 mL Sigma Aldrich 
Silicon Wafer Quartz 4 in. Universal Wafers 
 
3.3.4 Procedure 
The silicon substrate is cleaned. It is then immersed in water, isopropanol and isooctane. 
Following this step, the substrate is immersed in the FDTS solution for 20min. This step 
is done in argon environment to prevent polymerization of FDTS. The substrate is then 
cleaned with isooctane, isopropanol and water to get the final coated substrate. Detailed 
procedure is explained in the Appendix-D. 
 
3.4 FDTS SAM Characterization 
A drop of water was carefully placed on the substrate. A picture of the water droplet was 
taken perpendicular to the surface of the substrate. The angles are measured from the 
pictures. 
However, care should be taken that the size of the water drop is small. The surface 
tension of the substrate determines the water contact angle. But if the water drop is big, 
the influence of the weight of the water drop becomes influential and may give wrong 
results. Hence, care should be taken to keep the volume of the water drop in control. 
However, from sessile drop method, we know that increasing the water drop size 
increases the contact angle to a certain volume. After this point, the angle decreases on 
increasing the volume of the drop due to effects of gravity. Hence, an optimum volume of 






3.4.1 Calculation of Water Droplet Volume 
This critical volume can be determined by making sure that the bond number is equal to 
or less than 1. Bond number is the ratio of surface energy to gravity. 
    
    
 
 
                                                    where   = Bond number 
                                                                 = Density difference of both phases, (Kg/  ) 
                                                               g= Gravitational acceleration (9.8 m/  )  
                                                               L= Radius of drop (m) 
                                                                 = Surface tension (N/m) 
 
In our experiment, the following values are considered: 
Density of air= 1.225 kg/   
Density of water= 1000kg/   
Surface energy of FDTS= 6 mJ/   (Srinivasan, et al., 1998) 
                                   = 6mN/m 
By substituting these values in eq. (1), we get 
L= √
    
  
 
            = √
       
         
 
L=7.82*     m 
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 π             
                                                              = 2 μL 









We tested 6 different FDTS/Si samples. The sample was tested at 5 locations and an 
average is taken to get the angles. Also, two Si native oxide samples were used to find the 
contact angles before the FDTS coating. The photographs of the contact angles of FDTS 
coated sample and Si sample are shown in fig. 3.3. 
  a)                                                                  b)  
         
 
Figure 3.3. Contact angles on Si and FDTS substrates a) contact angle of pure Si wafer. b) 
contact angle of the FDTS/Si surface.  
 
Fig. 3.3a shows the water droplet contact angle is less than    , in accordance with 
hydrophilic surface. Fig, 3.3b shows a silicon wafer coated with FDTS. The contact angle 
increases. As shown in fig. 3.3b, the angle is greater than    , in accordance with 
hydrophobic behaviour. From the above contact angles, the average angles can be 
















Table 3.2. Contact angles of Si and FDTS/Si substrates. 
 










The results are in agreement with literature (Srinivasan, et al., 1998). The average contact 
angles of FDTS to be between      and     , as shown in our experiments. Also, the 
native oxide silicon surface was found the have contact angles in the range of     to    . 
 
3.6 Discussion 
The SAM was grown in different ambient conditions to check the behaviour of FDTS 
SAM growth. Two conditions were applied- 1) Effect of increasing the temperature 2) 
Ambient air atmosphere.  
The growth mechanism of OTS SAM was studied by Carraro et.al. (Carraro, Yauw, Sung, 
& Maboudian, 1998). A brief explanation of this mechanism is discussed in Appendix-A. 
It was observed that uniform SAMs were formed at a temperature of     . Since FDTS 
is similar to OTS, a similar behaviour was expected. The SAM was grown at      in 
ambient air conditions. The SAM obtained was uniform and showed good contact angles. 
However, upon continuous heating of the solution for 30 minutes at     , the SAM 
polymerized, revealing an uneven layer on the substrate. 
The SAM was also grown in ambient air condition at room temperature. No 
polymerization was observed on the substrate. However, the solution starts precipitating 
upon long exposure to air. Thus, we expect the SAM to polymerize if the experiment is 






3.7 Thermal Desorption Behaviour of FDTS/Si Substrate 
The thermal behaviour of OTS/Si was studied by Kluth et.al. (Kluth, et al., 1997)  
previously. In their experiment, it was found that OTS monolayers were stable up to 
740K independent of chain length. Above 740K, main decomposition through C-C bond 
cleavage. Methyl groups attached to Si were found to react till 1000K. Siloxane head 
groups remain on the surface till 1100K. After 1100K, the oxide layer was found to 
degrade. Contact angle measurements also showed similar results. Their contact angle 
measurements are shown in fig. 3.4. 
The structure of OTS and FDTS are very similar. The hydrogen atoms bonded to carbon 
in OTS are replaced by fluorine atoms in FDTS. Hence, we postulate that a similar 
mechanism of degradation happens in a similar way. FDTS is found to be more stable 
than the OTS. So the degradation temperature was expected to be higher than OTS. We 
did desorption heat test on FDTS to find the thermal stability. 
 
 
Figure 3.4. Water contact angles corresponding to the thermal desorption test conducted 
on OTS (Kluth, et al., 1997). 
 
3.7.1 Experimental Procedure 
The FDTS/Si substrate was heated using a hotplate. An infrared temperature gun was also 
used to confirm the temperature of the hot plate.  The temperature was increased in steps 
of    , starting from    C. At each step, the substrate was heated for 5 minutes. The 






points on the substrate after each heating step. A microscope was used to take a picture of 
the water drop on the substrate. The contact angle was measured manually. 
 
3.7.2 Results 
The FDTS film was stable up to     C. After     C, the contact angle decreased. The 
contact angles measurements were taken at multiple points on the substrate. The variation 
in the contact angles at     C is due to the variation in the temperature of the hotplate. 
The contact angles are tabulated in table 3.3. 
 
Table 3.3. Contact angles of FDTS/Si substrate during thermal desorption test. 
 
























Table 3.3. Continued. 
 








The pictures of the water drop from which the measurements were taken, are shown in fig. 
3.5. 
a) b)  c)  
d)  e)  f)   
g)   h)  i)  
 
Figure 3.5. Change in contact angle of the water drop on FDTS/Si substrate during the 
heating test. The substrate was heated to a)     C b)      C c)     C d)     C e) 






The contact angles are plotted as shown in fig. 3.6. 
 
 
Figure 3.6. Contact angle of water on the FDTS/Si substrate during the heat desorption 
test. 
 
From fig. 3.5 and 3.6, we can see the contact angle decreasing with an increase in 
temperature at     C. At     C, the heating of the hot plate was found to be non-
uniform along the substrates. The change in contact angles shows it. The angles are 
between     to    , showing that the native oxide layer was exposed to the water droplet. 
At one point, the angle drops below    , showing the native oxide desorption. The 
results were in complete agreement with the results shown y Kluth et.al. Also, the results 
show that the replacement of C-H bond with C-F bond does not have an appreciable 
impact on the desorption mechanism of trisilane groups on native oxide. This also 
confirms the claims of Kluth et. al. that the desorption starts with C-C bond cleavage, 
followed by O-Si-O bond cleavage and finally by native oxide desorption. 
 
3.8 Summary 
Self-assembled Monolayers (SAM) are being widely used in various applications today. 
1H, 1H, 2H, 2H-perfluorodcecyltrichlorosilane (FDTS) has been used to grow SAM on 
native oxide silicon.  In this chapter, the growth mechanism, characterization and thermal 
behaviour of FDTS SAM was studied. FDTS monolayer forms a hydrophobic layer, 


























of      -    . The effect of temperature and atmosphere during the growth of FDTS was 






CHAPTER 4. PATTERNING PROCESSES 
4.1 Introduction 
The FDTS/Si substrates are patterned to get hydrophobic/hydrophilic patterns and other 
applications. The hydrophobic and hydrophilic regions are further processed by adding 
functional groups, adding multi-layer SAMs etc. These patterns are used in bioMEMS, 
biofluidics, protein culture, electronic circuits etc. In this chapter, we discuss the 
behaviour of various parameters involved in laser processing of FDTS SAM. Also, the 
probable mechanism by which the laser processing proceeds is also discussed. 
 
4.2 Importance of Photothermal Patterning 
Photothermal patterning has a distinct advantage of producing accurate feature sizes. In 
the photochemical reactions, photons cleave the bond between the substrate and the SAM. 
There is always a probability that the photons get scattered on the surface, producing a 
larger feature size than expected. However, in photothermal patterning, the SAM 
desorption occurs due to temperature increase. At the picosecond scale laser pulses, heat 
diffusion length is very small. Thus, the deviation of the feature size is very small, giving 
accurate and uniform feature size. 
 
4.3 Laser Desorption Test 
The heat desorption test mainly depends on two factors, time and temperature. Hence, 
energy is given to the substrate over a long period of time. However, we use a pulsed 
picosecond laser in our experiments. The time duration of the energy supplied is very 
small. Hence, the temperature needed for desorption is higher than the results obtained 
from heat desorption tests. An attempt to find the threshold power for laser writing and to 






The laser power required to initiate desorption of FDTS from the substrate was studied. 
Initial laser tests were done experimentally. Laser power was increased gradually. At a 
laser power of 60mW, the FDTS was observed to be desorbed. The substrate was rotating 
at 1000r.p.m during the experiment. The white lines in fig. 4.1a show that the FDTS was 
desorbed. It was found that the white lines become prominent with increase in the laser 
power. The fig.4.1b shows the laser writing at 80mW. The picture shows the unpatterned 
substrate remains plain, while the patterned white lines are clearly visible. Silicon melting 
was observed around 100mW at a speed of 1000rpm, as shown in fig.4.1c. Simulations 
were done to verify the claim. Fig. 4.1d shows the SEM image of the pattern. 
a)   b)                          
c)   d)   
 
Figure 4.1. Pattern written by the two micron laser spot at different powers. a) shows the 
white patterned lines at 60mW b) shows the pattern at 80mW. The laser spot can be seen 
writing the pattern. The unpatterned area on top of the laser spot is also shown for 
comparison. c) shows the pattern at 90mW and d) shows the SEM image of the 60mW 
pattern. 
 
Using a 60mW average laser power, the simulation using a picosecond pulse was done. 
However, 60mW is the average power applied. The reflectivity and transmission losses 






4.4 Heat Transfer Simulation of Laser test on FDTS/Si wafer 
Simulation of the temperature rise in the Si wafer due to a picosecond pulse is studied in 
this section. 
 
4.4.1 Assumptions and Considerations 
1. The Beer-Lambert Law states that when light the intensity of light decreases 
exponentially with the thickness of the substrate. The thickness of SAM layer was 
found to be 2nm. (Srinivasan, et al., 1998). The thickness of the substrate is 500 
micron. According to the Beer-Lambert law, we can see that almost all the heat is 
transferred to the substrate and the SAM does not change the intensity of the beam 
considerably.  
2. In all the cases considered in this section, the dimensions of the wafer are far larger to 
simulate a one micron pulse. Hence, we consider a small block from the wafer to 
simulate the temperature rise due to the laser. The minimum dimensions of the block 
are considered to be larger than three times the diffusion length,   √    (where α= 
diffusivity of silicon, t=pulse length). This condition makes sure that the element size 
is large enough such that the boundary conditions no longer affect the temperature. 
 
4.4.2 External Heat Applied 
The 3-D heat conduction equation is given by 
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                        (1) 
The intensity of the light according to Beer Lambert law is given by 
                                                 I=  * 
                                                          (2) 
                                   Where x= Depth at which intensity is being measured 
                                   I= Intensity at a given depth 
                                                 = Peak intensity 
                                     = Absorption coefficient. 
However, the total heat applied,  ̇ is given by 
                                           ̇=
  
  
 =   *δ* 






4.4.3 Specifications for Simulations 
The following parameters were used for the simulation: 
o Laser wavelength = 355 nm 
o Laser Spot size= 2 μm 
o Pulse length,   = 12 ns 
o Active pulse length,     = 12 ps 
o Pulse frequency = 80 Hz 
o Absorption coefficient of silicon = 1.03*         ("Optical Properties of 
Silicon,") 
o Absorption depth= 0.1 μm ("Optical Properties of Silicon,") 
o Reflectivity= 0.5 
(Reflectivity = |
     
     
|
 
, where    is the refractive index of the substrate and    is 
the refractive index of air). 
o Average laser power, p 
o Actual power of a pulsed laser = 
    
   
 
o Transmission of objective lens=0.5 
 
When a laser is focused on the substrate, a part of the light is reflected, part of the light is 
transmitted and the rest is absorbed by the material. Hence, the actual power absorbed by 
the substrate is given by reflectivity times the actual power applied. 
                                     Hence, Total power applied= 
                   
   
 
 
4.4.4 Picosecond Simulation 
In all the cases simulated here, the rotational velocity of the substrate is not considered. 
The maximum temperature obtained when the substrate is stationary is greater than when 
the substrate is moving. Hence, the actual temperatures obtained are less than the 
temperatures shown in the simulations. All through the experiments, the substrate was 








Figure 4.2. Volumetric heat pulse applied to the substrate. 
 
4.4.4.1 Pulsed Heat Source Simulation 
As shown in fig. 4.3, we see that the substrate is heated up to a maximum temperature of 
1500K in 12 picoseconds. The isothermal contour of the heated region is shown in fig.4.4. 
Though the melting temperature of silicon is 1414K, the substrate doesn’t melt as 
superheating takes place. When a substance is homogeneous, without any nucleation sites, 
the substance can be heated above its boiling point, without melting. In our experiment, 
single crystal silicon was used. Hence, the temperature to melt silicon is higher than 
1414K. Also, the applied energy density was 0.06 J/    while the threshold melting 













Figure 4.4. Isothermal contour of the substrate shown in Fig. 4.3. 
 
4.4.4.2  Average Temperature rise in Substrate in Steady State 
The substrate heating is not steady state in all the pulsed laser simulations discussed 
above. The steady state of the laser will show the average temperature increase of the 






average temperature profiles of the substrate due to laser heating when rotating at 
1000rpm and when stationary are shown in fig. 4.5 and fig. 4.6.  The temperature 
increase is only about 100K in both cases. Hence, the average temperature of the 

















4.5 Patterning with 10 micron Laser Spot 
A 10 micron laser was used to pattern the FDTS/silicon wafer. EZCAD software was 
used to draw the pattern. The substrate was moved at 1m/s. Laser power was increased to 
3W. 
 
4.5.1 Results and Discussions 
No pattern was visible even at a laser power of 3W. However, when the substrate was 
cleaned with water and isopropyl alcohol, a pattern was visible as shown in fig. 4.7b. 
This happens because only the FDTS layer was desorbed. The patterned substrate was 
clean and no pattern was visible as shown in fig. 4.7a. A drop of isopropyl alcohol is 
visible in fig. 4.7a. Then, isopropyl alcohol was sprinkled on the substrate, revealing a 
clear pattern of ‘T’. Note that the pattern was done only around the border of the ‘T’. The 
figure looks like a solid ‘T’ because isopropyl alcohol is attracted by the hydrophilic 
outline of ‘T’-shaped silicon substrate. Figures 4.7b and fig. 4.7c show the same. The 
isopropyl alcohol slowly evaporates and the pattern starts to get fainter as shown on fig. 
4.7d and fig. 4.7e. In fig. 4.7f, the top portion of ‘T’ is completely evaporated. Finally, 
the isopropyl alcohol completely evaporates, leaving no mark on the substrate.  
Isopropyl alcohol forms the ‘T’ because the FDTS layer was desorbed and native silicon 
was exposed to isopropyl alcohol. As native oxide is hydrophilic, isopropyl alcohol tends 
to stay in the patterned area. However, the surroundings are coated with FDTS, which is 
hydrophobic. Hence, isopropyl alcohol doesn’t stick to the surrounding substrate. The 
pictures below were taken in a time span of 14s. The SEM image of a part of the ‘T’ is 
shown in fig.5.2 in Chapter-5. The pattern started appearing only after a power of 3W. 
No pattern was observed before 3W. This clearly shows that the patterning technique 
occurs by photothermal desorption and the silicon wafer is not affected. Also, the applied 
energy density was 0.02 J/   , while the threshold energy to melt silicon is 1 J/   . 






                                a)                              b)                               c) 
                      
         d)                                e)                               f) 
         
 
Figure 4.7. ‘T’ pattern formed with the 10 micron laser. a) No pattern is visible as only 
the SAM was desorbed and the substrate was intact. The spot in the figure is a drop of 
isopropyl alcohol  b) ‘T’ formed by a drop is isopropyl alcohol as the Si substrate is 
exposed in the patterned part. c), d), e) The isopropyl drop evaporating over a time of a 
few seconds. f) The clear substrate after the evaporation of isopropyl alcohol drop.  a, b, c, 
d, e and f were taken at t=0, 2, 4, 9, 11 and 13 seconds respectively. 
 
4.5.2 Simulation of Temperature increase due to 10 micron laser heating 
The temperature increase of the substrate due to laser heating was simulated. The 12ps 
pulse was used to calculate the maximum temperature obtained. Also, the patterning was 
carried out for a few microseconds. Thus, though the laser used in the experiment was 
pulsed, at the order of a few microseconds (i.e.,     times the pulse length), the laser can 
be assumed to be continuous. Hence, two simulations were done. 
 
4.5.2.1 Time Dependent Heat Pulse Simulation 
The picosecond pulse simulation is shown in fig. 4.8. As we can see, the temperature 
increase is 1200K, which does not melt the silicon. Hence, we can expect that the pattern 








Figure 4.8. Maximum temperature of the substrate obtained by the 12ps laser heating 
using 10 micron laser beam. 
 
4.5.2.2 Average Surface Temperature in Steady State 
The steady state surface temperature of the substrate was simulated at 3W. The maximum 
temperature obtained was observed to be 800K as shown in fig. 4.9. This temperature is 
far below the melting point of silicon, suggesting that desorption of SAM might have 
occurred and no damage to the substrate occurred. 
 
 






4.6 Desorption Equation 
The self-assembled monolayer is adsorbed on the silicon substrate. As we have discussed 
in the previous chapter, as the temperature increases, the reaction rate increases. In the 
previous chapter, we have seen that the heat desorption test gave us a desorption 
temperature between     C and     C. During the test, the sample was heated for 10 
minutes. However, during the laser induced temperature desorption, the laser pulse 
duration is only for a few picoseconds or nanoseconds. Hence, the desorption temperature 
increases. The desorption rate is explained by the Arrhenius type equation given by: 
    = - 
  
  
 = ν.   . exp (
   
   
  
⁄ ) 
                                            where     = Rate of desorption 
                                                      ν= Attempt frequency of overcoming the energy barrier 
                                               x= Order of equation, depending on the number of     
intermediate steps 
                                                         
   = Desorption Energy 
The activation energy and frequency values of FDTS have been taken from Kluth 
et.al.(Kluth, Sander, Sung, & Maboudian, 1998) . The frequency was taken to be     Hz 
and the desorption energy was taken to be 209 KJ/mol. The reaction is considered to be a 
first order equation, making x=1.The desorption equation is plotted as shown in fig. 4.10a. 
For a heating time for 10 minutes, the temperature from the graph shows 670K. The 
result from the hot plate experiment also showed that the desorption occurs at 650-700K 
as shown in fig. 4.10b. This shows that the hot plate experiment approximately behaves 
according to the desorption equation and the FDTS is desorbed by temperature increase 
only. 
However, laser heating takes place at 12ps. At this time order, the graph shows a 
temperature at the order of 7000K as shown in fig. 4.10c. From the simulations discussed, 
we see that the surface reaches a temperature of 1500K. However, we see that patterning 
is possible. This shows that the laser patterning doesn’t occur purely by thermal 
desorption. For the desorption to occur at 1500K for a heating time of 12 ps, the 






1500K was back calculated using the desorption equation. The desorption energy was 
found to decrease to 57.43 KJ/mol.  Photons and electrons also seem to play a part in the 
desorption apart from the temperature increase. However, the reason behind this decrease 
in desorption energy is not known. Similar behaviour was also observed by other groups 








Figure 4.10. Desorption temperature curve simulated from the desorption equation for 
FDTS. a) complete curve and b) theoretical temperature attained at 10 minutes in the hot 






4.7 Heat Accumulation due to Multiple Laser Pulses 
To be able to pattern photothermally, temperature has to be below the melting 
temperature of silicon. The result discussed in section 4..4.4 was the temperature increase 
for one pulse. However, multiple pulses can be placed at a single point in most cases. 
This increase in the number of pulses potentially can increase the temperature far above 
the melting point, thus affecting the substrate. Simulation focusing multiple pulses at a 
single point was done.   
The laser gives out active pulse or 12ns and a gap of 12ns is given before the next pulse 
is generated. As shown in the fig. 4.11, the temperature increase by the end of the 12ns 
pulse is negligible. The temperature profile of the surface at the end of the pulse is shown 
in the fig.4.12 in the next page. 
 
 









Figure 4.12. Isothermal contour of the substrate at the end of the 12ps pulse. 
 
Since the time scale for each 12ns-12ps pulse is very large, simulating multiple pulses at 
that scale cannot be done. Hence, we increased the active pulse length from 12ps to 1ns 
to make the simulations easier. The peak temperature drops from 1500K to 550K when 
the pulse length is increased from 12ps to 1ns as shown in fig. 4.13. As the length of 
pulse increases, the heat dissipation also increases. Hence, the peak temperature 
decreases. The simulations show an increase of 300K instead of 550K as the plots only 
show the temperature rise in the substrate and not the exact temperature of the substrate. 













Figure 4.14. Maximum temperature of the substrate over 12ns using the 1ns pulse. 
 
A series of pulses were simulated. Two extreme conditions were considered to check the 






insulated, retaining the most energy and 2) all sides are open to atmosphere, thus 
dissipating the most energy. 
 
Case-1: All surfaces insulated when multiple pulses are incident on the substrate 
 
 
Figure 4.15. Heat accumulation in the substrate over a period of 50ns when all the sides 
are insulated. 
 
Case-2: All sides are open when multiple pulses are incident on the substrate 
 
 







In both cases, as shown in fig. 4.15 and fig. 4.16, we see that the temperature increase is 
only 10K to 20K. Thus, the temperature doesn’t increase rapidly upon exposing the 
substrate to multiple pulses. Hence, we can expect the patterning after a few pulses to be 
done still due to desorption of the FDTS SAM. 
 
4.8 Feasibility study for Nanoscale Patterning 
By decreasing the spot size to 20nm using a plasmonic lens, near-field optical patterning 
can be done to get feature sizes less than 20nm (Pan, 2010; Srituravanich, et al., 2008).  
To estimate if the desorption can be done at the nanoscale, simulation was done. In this 
case, the average power was adjusted such that we get the maximum temperature of 
1500K as discussed in the picosecond pulse heating case. An average power of 45μW 
was found to be sufficient to raise the temperature to 1500K. The heating in this case is 
assumed to be surface heating instead of volumetric heating as the penetration depth at 
the nanoscale is of the order of a few nanometers. As shown in the fig 4.17, the 
temperature rise at the end of the 12ps pulse is about 1230K, showing that desorption at 
the nanoscale can take place at the nanoscale. 
 
 




Photo-patterning has the distinct advantage of obtaining precise feature sizes. In this 






threshold power when photothermal patterning starts. Simulations were done to check the 
temperature increase and confirm the same. The desorption equation was discussed in 
context with hot plate heating desorption and laser desorption tests. Heat accumulation 
due to multiple pulses may increase the temperature of the substrate, leading to damage 
of the substrate. Simulations were done to calculate the heat accumulation in the substrate 
and no heat accumulation was observed when multiple pulses were incident on the 







CHAPTER 5. SELF-ASSEMBLY OF AU NANOPARTICLES ON PATTERNED 
AMPHIPHILIC NATIVE OXIDE SILICON 
5.1 Introduction 
In the previous chapter, we have seen the patterning procedure of FDTS SAM/Si 
substrate. Bare Si is exposed on patterning, giving a hydrophilic substrate. Hence, an 
amphiphilic surface is created. Amphiphilic surfaces can be further processed to modify 
the surface, giving varied applications. To demonstrate this point, a gold nanoparticle 
SAM was grown on the patterned area. 
 
5.2 Overview of Au Nanoparticle SAM Growth Process 
Gold is known to form SAMs of thiol end groups as discussed in chapter-1. In this 
reaction, we use this principle in the reverse order. We use thiol-modified substrate to 
attract the gold nanoparticles and form an SAM. The silicon is modified with a thiol 
functional group. The gold nanoparticles are assembled on this SAM. Multi-layers of Au 
nanoparticles can also be grown. The first layer of Au particle SAM can be coated with 
an alkane chain functionalized with thiol-groups on both ends (Brust, et al., 1998). On the 
double thiol-functionalized coating, another Au nanoparticle layer can be grown. This 
procedure can be repeated to form multiple layers. 
 
5.3 Experimental Procedure 
The reactions are briefly shown schematically in fig. 5.1. The patterned substrate is 
cleaned. To functionalize silicon with thiol group, (3-mercaptopropyl)trimethoxysilane 
(MPS) self-assembled monolayer is grown. Citrate-stabilized gold nanoparticles of 10nm 
diameter were used in the experiment. The thiol-functionalized substrate is immersed in 
the MPS solution for 20 minutes to form the SAM. The substrate is then immersed in the 






in 1,9-nonanedithiol solution for one hour. This acts as the linker chain. The substrate 
was then immersed in the gold solution for 3 hours. The procedure can be repeated to 
form multi-layers of Au nanoparticles. A detailed procedure is given in Appendix-E. The 
method was modified based on the procedures described by Brust et, al. and Goss et.al. 




Figure 5.1. Reactions involved in growing the Au NP monolayer. The patterned substrate 
is thiol-functionalized and then immersed in AuNP solution to form the monolayer. 
 
5.4 Results 
The SEM image of the part of the ‘T’ pattern discussed in fig. 4.17 is shown in fig. 5.2. 
The gold nanoparticles were assembled on this pattern. The bright spots visible on the 
pattern in fig. 5.3a represent small islands of the Au nanoparticles. The individual 








Figure 5.2. SEM image of the part of the patterned lines of the ‘T’ shown in fig. 4.7. 
 
The Au nanoparticles were found to be dispersed at some points and well arranged and 
compact at some points of the pattern. The monolayer may get denser and well packed if 
the substrate is immersed in the solution for a longer time. The dispersed monolayer is 
shown in fig. 5.2a. The bright spot shows an island of the Au nanoparticles. Fig. 5.2b 
shows a part of the pattern where a well formed Au nanoparticle layer was formed. Fig. 
5.2c shows a zoomed in view of the nanoparticles assembled on the Si substrate. The 
citrate stabilized solution may also have reduced the compactness of the monolayer as 
some of the citrate chains may not have been replaced with thiol groups, thus not 
assembling on the substrate.       
                                           a) 
 
 
Figure 5.3. Au nanoparticle Self-assembly on Si. a) shows the disperse monolayer formed 
on the pattern, b) shows the compact monolayer observed at certain parts of the pattern 






b)                                                                             c) 
           
 
Figure 5.3. continued. 
 
5.5 Summary 
The FDTS/Si substrate was patterned using laser. Gold nanoparticles were self-assembled 






CHAPTER 6. SUMMARY AND FUTURE SCOPE 
6.1 Summary 
This thesis describes the use of photothermal optical patterning technique to pattern self-
assembled monolayers without damaging the substrate. The potential of self-assembled 
monolayers, their applications and production were discussed in Chapter-1 and Chapter-3. 
FDTS was used as a precursor to form a hydrophobic SAM. FDTS SAM was patterned 
using a direct-write UV laser photothermally. The substrate was not damaged and only 
the SAM was desorbed. This was shown experimentally and numerical analysis was done 
to support the claim. These were discussed extensively in Chapter-4. The patterned 
surface was further functionalized with gold nanoparticles as an example, to demonstrate 
the feasibility of functionalizing the substrate surface for other potential applications. 
Also, high throughput rates can be obtained by rotation of the substrate. However, the 
rotation causes vibrations, which leads to the defocusing of the laser beam. This causes 
an uneven pattern. This problem has been solved using an astigmatic lens combination 
and is discussed in Chpater-1. 
 
6.2 Future Scope 
1. The feature size of the pattern can be reduced using plasmonic lens, to obtain feature 
sizes below 20nm. Also, other techniques like electron beam lithography can be used 
to obtain smaller feature sizes. 
2. The gold nanoparticle self-assembled monolayer was not compact. Improvements can 
be done to get a compact monolayer and multi-layers can also be grown. 
3. Tuning of the PID controller in astigmatic lens combination used in chapter-1 can be 
done. Also, modelling from physical principles for the system can be used to make 






6.3 Potential Applications 
1. Optical Resist 
The patterned FDTS SAM can be used as an optical resist. The thickness of the resist is 
inversely proportional to the resolution of the feature size as shown below (N. Herzer, et 
al., 2010): 
                                   Depth of focus= 

   




                        where NA= Numerical Aperture 
                                    n= numerical aperture of resist 
                                    d= thickness of resist   
 
FDTS has a thickness of 2nm, which makes it ideal for a resist. Also, for this is ideal for 
flying plasmoonic lenses, as shown by Srituranvich et.al (Srituravanich, et al., 2008).  
 
1. Meta-Surface, Such As Nano-Holography Projectors 
The holographic projectors used today use a surface embossed with the interference 
pattern of the required image. Light is projected on this surface and reflected back. This 
reflected light forms patterns with normal light, forming the required image. The SAM 
patterns can be used as the substrate with the interference pattern. Self-assembled multi-
layers of gold particles can be assembled on the patterned interference pattern. Nano-
sized interference patterns can be created using this technique. This technique can be 
used as a cost-effective way to manufacture holographic projectors. 
 
2. Self-Assembled Block Copolymer layers 
The self-assembled monolayer patterns can be functionalized further to assemble block 
copolymer layers. Block copolymer self-assembly has attracted many. Block copolymers 
can be used to get smaller feature sizes by having repeated patterns of polymers. Also, 
the surface topography and properties can be changed by assembling various block-








3. Nano-fluidic and Biological Devices 
FDTS changes the substrate from hydrophilic to hydrophobic. Thus, patterning the 
substrate gives a hydrophobic-hydrophilic surface. This change in surface properties can 
be used to generate directed-flow and easy control of fluids in fluidic and biological chips. 
Also, arrays can be patterned using a pulsed laser, as we used, to grow arrays of proteins 














LIST OF REFERENCES 
 
. 
Alley, R. L., Cuan, G. J., Howe, R. T., & Komvopoulos, K. (1992, 22-25 June 1992). The 
effect of release-etch processing on surface microstructure stiction. Paper 
presented at the Solid-State Sensor and Actuator Workshop, 1992. 5th Technical 
Digest., IEEE. 
Aswal, D. K., Lenfant, S., Guerin, D., Yakhmi, J. V., & Vuillaume, D. (2006). Self 
assembled monolayers on silicon for molecular electronics. Analytica Chimica 
Acta, 568(1–2), 84-108. 
Atomic force microscopy-based force spectroscopy - biological and biomedical 
applications. (2012). IUBMB Life, n/a. 
B.W., S. Optical Projection Lithography. In F. M. (Ed.), Nanolithography. the Art of 
Fabricating Nanoelectronic and Nanophotonic Devices and Systems: Woodhead 
Publishing Ltd. 
Baglin, J. E. E. (2012). Ion beam nanoscale fabrication and lithography—A review. 
Applied Surface Science, 258(9), 4103-4111. 
Bardecker, J. A., Afzali, A., Tulevski, G. S., Graham, T., Hannon, J. B., & Jen, A. K. Y. 
(2012). UV-Sensitive Self-Assembled Monolayer Photoresist for the Selective 
Deposition of Carbon Nanotubes. Chemistry of Materials, 24(11), 2017-2021. 
Bauerle, D. (2011). Laser Processing and Chemistry (Fourth ed.): Springer Berlin 
Heidelberg. 
Biswas, A., Bayer, I. S., Biris, A. S., Wang, T., Dervishi, E., & Faupel, F. (2012). 
Advances in top–down and bottom–up surface nanofabrication: Techniques, 
applications &amp; future prospects. Advances in Colloid and Interface Science, 
170(1–2), 2-27. 
Brust, M., Bethell, D., Kiely, C. J., & Schiffrin, D. J. (1998). Self-Assembled Gold 
Nanoparticle Thin Films with Nonmetallic Optical and Electronic Properties. 
Langmuir, 14(19), 5425-5429. 
Carraro, C., Yauw, O. W., Sung, M. M., & Maboudian, R. (1998). Observation of Three 
Growth Mechanisms in Self-Assembled Monolayers. The Journal of Physical 
Chemistry B, 102(23), 4441-4445. 
Chen, Q.-D., Xia, H., Yong-Lai, Z., & Sun, H.-B. (2011, 22-26 May 2011). Laser 
nanofabrication: Applications in micro-optics, micro-electronics, micromachines, 
and microfluidics. Paper presented at the Lasers and Electro-Optics Europe 
(CLEO EUROPE/EQEC), 2011 Conference on and 12th European Quantum 
Electronics Conference. 
Dahlhaus, D., Franzka, S., Hasselbrink, E., & Hartmann, N. (2006). 1D Nanofabrication 







Decher, G., & Hong, J. D. (1991). Buildup of Ultrathin Multilayer Films by a Self-
Assembly Process: II. Consecutive Adsorption of Anionic and Cationic Bipolar 
Amphiphiles and Polyelectrolytes on Charged Surfaces. Berichte der 
Bunsengesellschaft für physikalische Chemie, 95(11), 1430-1434. 
Di Ventra, M., Evoy, S., & Heflin, R. J. J. (2004). Introduction to Nanoscale Science and 
Technology: Springer link. 
Doolittle, A. Lithography and Pattern Transfer. from 
http://users.ece.gatech.edu/~alan/ECE6450/Lectures/ECE6450L7-
Optical%20Lithography.pdf 
Eijkel, J. T., & Berg, A. (2005). Nanofluidics: what is it and what can we expect from it? 
Microfluidics and Nanofluidics, 1(3), 249-267. 
Geissler, M., & Xia, Y. (2004). Patterning: Principles and Some New Developments. 
Advanced Materials, 16(15), 1249-1269. 
Ghaida, R. S., Torres, G., & Gupta, P. (2011). Single-Mask Double-Patterning 
Lithography for Reduced Cost and Improved Overlay Control. Semiconductor 
Manufacturing, IEEE Transactions on, 24(1), 93-103. 
Goss, C. A., Charych, D. H., & Majda, M. (1991). Application of (3-
mercaptopropyl)trimethoxysilane as a molecular adhesive in the fabrication of 
vapor-deposited gold electrodes on glass substrates. Analytical Chemistry, 63(1), 
85-88. 
Hah, J. H., Mayya, S., Hata, M., Jang, Y.-K., Kim, H. W., Ryoo, M., et al. (2006). 
Converging lithography by combination of electrostatic layer-by-layer self-
assembly and 193nm photolithography: Top-down meets bottom-up. Journal of 
Vacuum Science and Technology B, 24. 
Handschuh, M., Nettesheim, S., & Zenobi, R. (1997). Picosecond laser desorption 
kinetics of poly-(ethylene glycol). Chemical Physics Letters, 275(1–2), 93-97. 
Hartmann, N., Franzka, S., Koch, J., Ostendorf, A., & Chichkov, B. N. (2008). 
Subwavelength patterning of alkylsiloxane monolayers via nonlinear processing 
with single femtosecond laser pulses. [Article]. Applied Physics Letters, 92(22), 
223111. 
Haynes, C. L., & Van Duyne, R. P. (2001). Nanosphere Lithography:  A Versatile 
Nanofabrication Tool for Studies of Size-Dependent Nanoparticle Optics. The 
Journal of Physical Chemistry B, 105(24), 5599-5611. 
Hench, L. L., & West, J. K. (1990). The sol-gel process. Chemical Reviews, 90(1), 33-72. 
Herzer, N., Hoeppener, S., & Schubert, U. S. (2010). Fabrication of patterned silane 
based self-assembled monolayers by photolithography and surface reactions on 
silicon-oxide substrates. [10.1039/C0CC00674B]. Chemical Communications, 
46(31), 5634-5652. 
Herzer, N., Hoeppener, S., & Schubert, U. S. (2010). Fabrication of patterned silane 
based self-assembled monolayers by photolithography and surface reactions on 
silicon-oxide substrates. Chem Commun (Camb), 46(31), 5634-5652. 
Inoe, A., Ishida, T., Choi, N., Mizutani, W., & Tokumoto, H. (1998). Nanometer-scale 
patterning of self-assembled monolayer films on native silicon oxide. Applied 







Joglekar, A. P., Liu, H., Spooner, G. J., Meyhöfer, E., Mourou, G., & Hunt, A. J. (2003). 
A study of the deterministic character of optical damage by femtosecond laser 
pulses and applications to nanomachining. Applied Physics B, 77(1), 25-30. 
Joshi-Imre, A., & Bauerdick, S. (2014). Direct-Write Ion Beam Lithography. Journal of 
Nanotechnology, 2014, 26. 
Klingebiel, B., Scheres, L., Franzka, S., Zuilhof, H., & Hartmann, N. (2010). 
Photothermal micro- and nanopatterning of organic/silicon interfaces. Langmuir, 
26(9), 6826-6831. 
Kluth, G. J., Sander, M., Sung, M. M., & Maboudian, R. (1998). Study of the desorption 
mechanism of alkylsiloxane self-assembled monolayers through isotopic labeling 
and high resolution electron energy-loss spectroscopy experiments. Journal of 
Vacuum Science & Technology A, 16, 932-936. 
Kluth, G. J., Sung, M. M., & Maboudian, R. (1997). Thermal Behavior of Alkylsiloxane 
Self-Assembled Monolayers on the Oxidized Si(100) Surface. Langmuir, 13(14), 
3775-3780. 
Kumar, A., Biebuyck, H. A., & Whitesides, G. M. (1994). Patterning Self-Assembled 
Monolayers: Applications in Materials Science. Langmuir, 10(5), 1498-1511. 
Lamb, R. 10 ways nanomanufacturing will alter industry. from 
http://www.discovery.com/tv-shows/curiosity/topics/ways-nanomanufacturing-
will-alter-industry.htm 
Lin, B. J. (2006). Optical lithography—present and future challenges. Comptes Rendus 
Physique, 7(8), 858-874. 
Maldonado, J. (1990). X-ray lithography, where it is now, and where it is going. Journal 
of Electronic Materials, 19(7), 699-709. 
Mendes, P., Yeung, C., & Preece, J. (2007). Bio-nanopatterning of Surfaces. 
[10.1007/s11671-007-9083-3]. Nanoscale Research Letters, 2(8), 373-384. 
Miller, J. S., Bethencourt, M. I., Hahn, M., Lee, T. R., & West, J. L. (2006). Laser-
scanning lithography (LSL) for the soft lithographic patterning of cell-adhesive 
self-assembled monolayers. Biotechnol Bioeng, 93(6), 1060-1068. 
Miller, J. S., Béthencourt, M. I., Hahn, M., Lee, T. R., & West, J. L. (2006). Laser-
scanning lithography (LSL) for the soft lithographic patterning of cell-adhesive 
self-assembled monolayers. Biotechnology and Bioengineering, 93(6), 1060-
1068. 
Mino, N., Ogawa, K., Minoda, T., Takatsuka, M., Sha, S., & Moriizumi, T. (1993). Thin 
film characteristics of fluorine-substituted monolayers prepared by chemical 
adsorption from solution. Thin Solid Films, 230(2), 209-216. 
Nae, F. A., Saito, N., & Takai, O. (2007). Submicron optical near-field diffraction 
patterns obtained by irradiation of octadecyltrimethoxysilane self-assembled 
monolayers with light at 157 nm. Thin Solid Films, 515(12), 5147-5152. 










Odom, T. W. (2004). Techniques in nanofabrication. Retrieved from 
http://chemgroups.northwestern.edu/odom/chem445/Lecture%208%20--
%20Nanofabrication.pdf 
Optical Properties of Silicon. from 
http://www.pveducation.org/pvcdrom/materials/optical-properties-of-silicon 
Ouk Kim, S., Solak, H. H., Stoykovich, M. P., Ferrier, N. J., de Pablo, J. J., & Nealey, P. 
F. (2003). Epitaxial self-assembly of block copolymers on lithographically 
defined nanopatterned substrates. [10.1038/nature01775]. Nature, 424(6947), 
411-414. 
Pan, L. (2010). High-Throughput Plasmonic Nanolithography. 
Parikh, A. N., Allara, D. L., Azouz, I. B., & Rondelez, F. (1994). An Intrinsic 
Relationship between Molecular Structure in Self-Assembled n-Alkylsiloxane 
Monolayers and Deposition Temperature. The Journal of Physical Chemistry, 
98(31), 7577-7590. 
Peckerar, M. C., & Maldonado, J. R. (1993). X-ray lithography-an overview. 
Proceedings of the IEEE, 81(9), 1249-1274. 
Pena, A., Wang, Z., Whitehead, D., & Li, L. (2010). Direct writing of micro/nano-scale 
patterns by means of particle lens arrays scanned by a focused diode pumped 
Nd:YVO4 laser. Applied Physics A, 101(2), 287-295. 
Pimpin, A., & Srituravanich, W. (2011). Review on Micro- and Nanolithography 
Techniques and Their Applications. Engineering Journal; Vol 16, No 1 (2012): 
Regular Issue. 
Qin, D., & Riggs, B. A. (2012). Nanotechnology- A Top-down Approach. Encyclopedia 
of Supramolecular Chemistry. Retrieved from http://www.nanodq.com/nanotech-
top-down.pdf. doi:10.1081/E-ESMC-120047104 
Rensch, C., Hell, S., Schickfus, M. v., & Hunklinger, S. (1989). Laser scanner for direct 
writing lithography. Applied Optics, 28(17). 
Rensch, C., Hell, S., Schickfus, M. v., & Hunklinger, S. (1989). Laser scanner for direct 
writing lithography. Applied Optics, 28(17), 3754-3758. 
Research Challenges for integrated systems nanomanufacturing. (2008). from 
http://www.coe.neu.edu/Research/nanophm/materialForDistribution/NMSWorksh
opReport.pdf 
Rice, B. J. (2014). Extreme Ultraviolet (EUV) Lithography. In F. M. (Ed.), 
Nanolithography, The Art of Fabricating Nanoelctronic and Nanophotonic 
Devices and Systems: Woodhead Publishing Ltd. 
Rodgers, P. (2006). Nanofabrication: Top down , Bottom up. Nature nanotechnology. 
Rogers, J. A., & Lee, H. H. (2008). Patterning Based on Light: Optical Soft Lithography 
Unconventional Nanopatterning Techniques and Applications (pp. 95-127): John 
Wiley & Sons, Inc. 
Ronse, K. (2006). Optical lithography—a historical perspective. Comptes Rendus 
Physique, 7(8), 844-857. 
Rothschild, M., Bloomstein, T. M., Fedynyshyn, T. H., Kunz, R. R., Liberman, V., 
Switkes, M., et al. (2003). Recent trends in optical lithography. Lincoln 







Salaita, K., Wang, Y., & Mirkin, C. A. (2007). Applications of dip-pen nanolithography. 
[10.1038/nnano.2007.39]. Nat Nano, 2(3), 145-155. 
Schreiber, F. (2000). Structure and growth of self-assembling monolayers. Progress in 
Surface Science, 65(5–8), 151-257. 
Seisyan, R. P. (2011). Nanolithography in microelectronics: A review. Technical Physics, 
56(8), 1061-1073. 
Smith, H. I., & D.C, F. (1980). X‐ray lithography — A review and assessment of future 
applications. 17, 533-535. 
Smith, R. K., Lewis, P. A., & Weiss, P. S. (2004). Patterning self-assembled monolayers. 
Progress in Surface Science, 75(1–2), 1-68. 
Srinivasan, U., Houston, M. R., Howe, R. T., & Maboudian, R. (1998). 
Alkyltrichlorosilane-based self-assembled monolayer films for stiction reduction 
in silicon micromachines. Microelectromechanical Systems, Journal of, 7(2), 252-
260. 
Srinivasan, U., Houston, M. R., Rowe, R. T., & Maboudian, R. (1997, 16-19 Jun 1997). 
Self-assembled fluorocarbon films for enhanced stiction reduction. Paper 
presented at the Solid State Sensors and Actuators, 1997. TRANSDUCERS '97 
Chicago., 1997 International Conference on. 
Srituravanich, W., Pan, L., Wang, Y., Sun, C., Bogy, D. B., & Zhang, X. (2008). Flying 
plasmonic lens in the near field for high-speed nanolithography. 
[10.1038/nnano.2008.303]. Nat Nano, 3(12), 733-737. 
Sun, Y., Li, Z., & Wang, Z. (2012). Self-assembled monolayer and multilayer films based 
on l-lysine functionalized perylene bisimide. [10.1039/C1JM14521E]. Journal of 
Materials Chemistry, 22(10), 4312-4318. 
Tang, Q., Shi, S. Q., & Zhou, L. (2004). Nanofabrication with atomic force microscopy. J 
Nanosci Nanotechnol, 4(8), 948-963. 
There's plenty of room at the bottom. from 
http://www.its.caltech.edu/~feynman/plenty.html 
Tjong, S. C. (2003). Nanocrystalline Materials: Their synthesis-structure-property 
relationships and applications. Oxford, U.K.: Elsevier. 
Tseng, A. A., Kuan, C., Chen, C. D., & Ma, K. J. (2003). Electron beam lithography in 
nanoscale fabrication: recent development. Electronics Packaging Manufacturing, 
IEEE Transactions on, 26(2), 141-149. 
Ulman, A. (1996). Formation and Structure of Self-Assembled Monolayers. Chemical 
Reviews, 96(4), 1533-1554. 
Viheriala, J., Niemi, T., Kontio, J., & Pessa, M. (2010). Nanoimprint Lithography- Next 
Generation Methods for Nanophotonics Fabrication. China: InTech. 
Wang, X., You, H., Liu, F., Li, M., Wan, L., Li, S., et al. (2009). Large-Scale Synthesis 
of Few-Layered Graphene using CVD. Chemical Vapor Deposition, 15(1-3), 53-
56. 
Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X., & Ingber, D. E. (2001). Soft 
lithography in biology and biochemistry. Annu Rev Biomed Eng, 3, 335-373. 
Wu, J., & Chopra, N. (2012). Chemical Vapor Deposition Growth of Graphene 
Encapsulated Palladium Nanoparticles Advances in Synthesis, Processing, and 







Xia, Y. N., & Whitesides, G. M. (1998). Soft lithography. Annual Review of Materials 
Science, 28, 153-184. 
Xiang, Y. Electron Beam Lithography- Applications. 
Xie, X. N., Chung, H. J., Sow, C. H., & Wee, A. T. S. (2006). Nanoscale materials 
patterning and engineering by atomic force microscopy nanolithography. 
Materials Science and Engineering: R: Reports, 54(1–2), 1-48. 
Xu, J., Chen, L., Choi, H., Konish, H., & Li, X. (2013). Assembly of metals and 
nanoparticles into novel nanocomposite superstructures. [Article]. Sci. Rep., 3. 
Yan Xin, Z., Hansen, O., Knieling, T., Wang, C., Rombach, P., Lang, W., et al. (2007). 
Vapor-Phase Self-Assembled Monolayers for Anti-Stiction Applications in 














Appendix A: Modified Photolithography Techniques 
 
Modified Photolithography Approaches 
Projection lithography, proximity lithography, VUV-lithography, interference 
lithography, X-ray lithography etc. are some of the alternative lithography techniques 
used to improve the conventional lithography techniques(Seisyan, 2011).  Proximity 
lithography, Projection lithography are the most widely used modified lithography 
techniques. A brief description is given below. 
 
1) Proximity Lithography 
In photolithography, removing the resist from the substrate damaged the pattern produced 
using contact lithography. To avoid this, the resist is placed slightly above the substrate. 
This process is known as proximity lithography. The pattern obtained is 1:1. This method 
is cost-effective and can produce low-resolution patterns of single micron dimensions. 
However, diffraction limitations limit the resolution and less repeatable when compared 
to other methods. 
 
2) Projection Lithography 
One of the setbacks of contact and proximity lithography is that the pattern cannot be de-
magnified. To overcome this, a lens is placed before the resist and the required de-
magnification ratio of 1:4 to 1:10 are in use today. High resolution as 0.065μm or better 
were obtained using this technique (Doolittle). Also, the mask is not in contact with the 
resist, leading to no wear and high repeatability. However, the equipment is expensive 







Appendix B: Self-Assembled Monolayers 
 
-H Terminated Silicon surface reactions with SAM 
 The –H terminated silicon surfaces are used widely in electronics. The natural native 
oxide reduces electrical properties like conductivity. This requirement needs us to remove 
the oxide layer. However, the –H surface is very reactive to moisture/oxygen in the 
atmosphere, instantly forming the natural oxide layer. This is one problem that makes 
forming SAM’s in these surfaces when compared to the native oxide layer. Etchants are 
used to clean the native oxide surface on Si, giving the –H terminated surface. Various 
etchants are used for this step, the most common ones being HF and     Organic metal 
halides (RLi, RMgX etc., where –X: -Br, -Cl, -F, -I) react with this surface, depending on 
the functional requirement, forming a halide/metal terminated surface. Once the required 
group on the surface is obtained, the head group of the SAM chemical reacts with the 
substrate. The halide from the substrate and the head group of the SAM react and form a 
compound. The chain forms a bond with the substrate, forming the self-assembled 
monolayer. 
 
Mechanism of Self Assembled Monolayer Growth 
The SAMs are found to have two growth mechanisms, based on a certain critical 
temperature. Below the critical temperature, the initial growth took place in the form of 
islands as nucleation sites. However, above the critical temperature, the growth seemed to 
be more conformational and uniform(Schreiber, 2000). The nucleation sites grow with 
time, forming a not so continuous layer with increase in time. This suggested a langmuir-
like film formation. The mechanism for island formation was suggested by Parikh et.al., 
which involves the influence of intermediate steps before formation of the siloxane cross 
linking (Parikh, Allara, Azouz, & Rondelez, 1994). The langmuir-like structure growth of 
SAMs was studied by Carro et.al.,(Carraro, et al., 1998) using Octadecyltrichlorosilane 
(OTS) on silica substrate. The formation was found to follow three mechanisms, 
depending on the temperature at which the SAM was being grown. Two temperatures 







through island formation below    (LC). It was found to grow by island formation and 
intermediate growth (LE+LC) if the temperature is between          . When the 
temperature is above a critical temperature,   , the formation occurs uniformly (G).  The 
terms LG, LE, G. are explained below. For example, OTS SAM on silicon substrate has a 
critical temperature of     . As shown in the fig. B.2, the islands reduce from distinct to 
small to uniform structure after the temperature increases beyond the critical temperature.  
 
 
Figure B.1. Temperature dependent growth of SAM (Carraro, et al., 1998). 
 
The SAM formation resembles the behaviour of a langmuir-blodgett film, i.e., the 
formation first occurs by physical adsorption followed by chemisorption and permanent 









Figure B.2. Langmuir-Blodgett film phase diagram. 
 
As shown in fig. B.3, the phase diagram consists of three phases: liquid condensed (LC), 
liquid expanded (LE) and gaseous (G). These phases can be taken analogous to the solid, 
liquid and gaseous phases of any chemical. In the LC phase, the precursor molecules are 
stacked, upright and packed. In the LE phase, the molecules are not properly ordered. 
They are tilted and are sparsely packed. In the gaseous phase, the molecules are mobile, 
just like a gas. The schematics of the arrangement of these precursor molecules are 
shown in the diagram. The LB film can exist in LC+LE, LE+LG and LC+LG phases, 
analogous to the existence of the triple point of an element. We know that temperature is 
directly proportional to temperature. In the above plot,    is the surface pressure 
corresponding to    and π is the surface pressure corresponding to   . The dashed lines 
indicate the isobaric lines. The dotted line indicates the process by which SAM formation 
occurs.  
It was found that the assembly initially occurs similar to LB film behaviour. Physical 
adsorption takes place. Then chemical bonds are created, forming the permanent 
chemical adsorption. At T<  , islands are formed. SAM growth happens by island 







island formation occurs with surface growth. When the T>   , uniform growth is seen. 
No islands are observed (Carraro, et al., 1998).  
 
Experimental Procedure for Self-Assembled Monolayers Formation 
Self-assembled monolayers can be synthesized by two methods: 1) Liquid phase process 
and 2) Solid phase process. The liquid phase process is an effective and simple way of 
growing the SAM. Also, the method is cost effective. However, the vapour phase is 
promising when low amount of solvent is to be used. Also, aggregates of the precursor 
molecules damages the SAM layers in certain cases. Use of vapour-phase reduces this 
complexity. Still, the use of vapour phase process needs the precursor to be easily 
vapourizable. This is one main drawback to apply this method for all materials (Tjong, 
2003). The methods are briefly described below: 
 
Liquid-phase Process 
The liquid phase process can be briefly described by the following steps: 
1) Preparation of Precursor Solvent: In the liquid phase process, the chemical used to 
grow as the monolayer, called the precursor, is dissolved in a solvent. Depending on the 
type of precursor, a single solvent or multiple solvents (co-solvents) are used.  
2) Substrate Cleansing:  
For the preparation of the substrate (usually gold, mica or silicon wafers), the substrate is 
cleaned using various cleaning procedures physically, mechanically and chemically, 
depending on the requirement. The cleanliness of the substrate is crucial for the formation 
of the SAM. Ultrasonic cleaning and plasma cleaning are the two most commonly used 
methods. Physical cleaning is followed by chemically cleaning it with various cleansing 
agents like water, several ammonium salts, isopropyl alcohol, acetone, piranha solution 
(     +    ), RCA-1 (    +      + HCl), RCA-2 (    +      +      )(Alley, 
Cuan, Howe, & Komvopoulos, 1992) etc.  
3) Substrate Functionalization: After the appropriate cleaning steps are complete, the 
substrate is functionalized, depending on the precursor reactions required. The 







followed by cleaning the substrate as required. In some cases, the silicon substrate is 
functionalized with –H or -     or –S groups. Similarly, most surfaces can be 
functionalized with a different functional group according to the reactions. 
4) Immersion of Functionalized Substrate in Solvent: In some cases, the substrate is 
immersed in a solvent for preparation of surfaces for change in polarizing atmosphere. 
For example, when dealing with fluorinated (non-polar) precursor molecules, the 
substrate is immersed in a non-polar solvent like isooctane.  
5) Immersion of Substrate in Precursor solution: The substrate is then dipped in the 
precursor solution. Depending on the chemical used, the immersion time might last from 
a few minutes (half an hour to an hour typically) to a few hours or a day in some cases. 
6) Final Cleaning: The substrate is cleaned in reagents like methanol, Isopropyl alcohol, 
water etc., depending on the requirement. In hydrophobic coatings, this step is usually 
skipped (Srinivasan, et al., 1998). The process discussed above is the most widely used 
method to grow most of the SAMs on Si substrates and Au substrates. The actual 
methods vary considerably from one chemical/substrate pair to another. In this thesis, we 
use native oxide Si substrates with FDTS (1H, 1H, 2H, 2H-Perfluorodecyltrichlorosilane). 
The detailed procedure is discussed in further chapters.  
 
Vapour Phase Process 
In the vapour phase, the substrate is cleaned and functionalized as discussed in the 
previous method. The precursor solution and the substrate are then placed in a vacuum 
chamber. The pressure in the chamber is gradually decreased. The precursor molecules 
evaporate into the atmosphere due to pressure decrease. These evaporated precursor 
molecules react with the substrate to form the SAM layer. The final cleansing method is 
as discussed in the above method. (Yan Xin et al., 2007). 
SAM Characterization Techniques 
The characterization of SAMs is done by many techniques. The most commonly used and 









Contact Angle Characterization (Sessile drop method) 
The solid-liquid-gas interfaces have different surface energies. This variation in surface 
energy depending on the substrate-liquid   Depending on the surface energy of a substrate, 
the water contact angle changes. This method, though not very accurate, is the easiest 
way to check the completion of SAM growth. Water is used for testing. However, non-
polar liquids can also be used, based on the types of substrate/SAM combinations. For 
example, silicon is hydrophobic. The water contact angle is less than     as shown in the 
fig. B.4. We coated FDTS SAM on silicon, which is hydrophobic. Once the SAM coating 
is done, the contact angle becomes greater than     (     (Srinivasan, et al., 1998) in 
this case). Similarly, various contact angles have been reported for various 
substrate/SAM pairs like OTS/Si (   ), PETS/Si (   )(Ouk Kim et al., 2003), FDTS/Si 
(    ) etc. Pictures of the cross section of the water drop are taken to calculate the 
contact angle using microscope or a camera or an ellipsometer. 
 
                                                            
 








Appendix C: Rotating Disc Alignment Experimental Setup 
Apparatus Used  
1. Laser: A UV laser of wavelength 355nm is used. The spot size of the laser is 2 micron. 
The cross-section of the laser spot can be approximated to a circle.  
2. Objective lens: 20X Mitutoyo Plan Apo NUV Infinity-Corrected Objective. 
Equivalent focal length is 10mm. 
(http://www.edmundoptics.com/microscopy/infinity-corrected-objectives/mitutoyo-
nir-nuv-uv-infinity-corrected-objectives/46407) 
3. Waveplate: Spherical quarter wave plates are used to maximize the intensity of the 
laser beam. 
4. Sensor: A QP50-6SDS-DIAG was used. It is a photosensitive diode with 4 quadrants. 
It has 7 output ports, with L-R, B-T, Vsum, bias pad, positive, negative and the 
ground terminals. The connections are shown in the fig. C.1. 
                           
 
Figure.C.1. sensor and the sensor connection diagram. Diagram taken from sensor 
datasheet. 
 
The parameters of the sensor are shown in Table-C1. 
Table C.1. Sensor parameters. 
 
Symbol Parameter Minimum Maximum Units 
     Storage Temperature -15 +100  
  
    Operating Temperature 0 +70  
  
   Power Supply 
(Recommended Voltage ±15V) 
±4.5 ±18     V 







5. Cylindrical Lens: A cylindrical lens of focal length f=30mm is used. 
6. Actuator: A piezo-actuator of stroke length 200μm is used. The objective lens is 




Figure C.2. Objective lens mounted on the actuator. 
 
Hardware Details and Connections 
Sensor Connections: 
The sensor has 7 terminals, as discussed. The seven terminals are: L-R, B-T, Vsum, 
V+,V-,ground and PDBias. The V+, V- and ground are powered by an external power 
supply of 15V. The PDBias is kept at 0V. The terminals L-R, B-T and Vsum are 














NI synchronized USB connecting block SCB-68 (8 channels) is used to get the sensor 
output to the computer. This is connected to the R-series RIO. The connections are shown 
in fig. C4. The FPGA of the RIO is used to get the input and deliver the output to the 
actuator.  
a)                                                       b) 
                     
 
Figure C.4. Connecting box connections a) connecting box connections and b) enlarged 








The sensor gives out 3 signals, viz., L-R, B-T and Vsum. Based on these three outputs, 
the appropriate voltage is given to the actuator. This signal is called the output. This 
output is taken as the feedback signal for the next loop. A PID controller is used check 
the error from the feedback signal and changes the actuator signal accordingly. This PID 
controller is used to minimize the output signal error. 
The apparatus is aligned as shown above. The sensor is attached to the power source. A 
voltage of 15V is given to the sensor. Mastech HY3005F-3 DC power supply is used to 
get the 15V power supply. To get the power supply, the connections are given as shown 
in the fig. C5. Make sure to connect the parallel switch. This enables easy operation of 
the voltages using single knob as shown in fig. C.5. Also, the ground and the negative are 
also short.  
 
 
















The output value from the labVIEW program is used to control the actuator. The 
connections are shown in fig. C.6.  
 
 







Appendix D: Self Assembled Monolayers Experimental Setup 
 
Apparatus Required  
1. Crystallizing dishes 
2. Micro-Pipette 
3. Teflon wafer tweezers 
4. Teflon evaporating dish 
5. Glove bag 
 
Si Wafer Cleaning 
Piranha acid was used to clean the organic substrate followed by HF etching to remove 
the oxide layer. The procedure is discussed below. 
1. Add 20ml hydrogen peroxide to 100ml hydrochloric acid and boil the solution at 
    C. 
2. Immerse the wafer in the solution for 10 minutes. 
3. Remove the substrate from the solution and rinse it with DI water. 
4. Dry blow the substrate with air. 
5. Heat 10:1 Water: HF solution for at    C. 
6. Immerse the wafer in the solution for 30 seconds. 
7. Rinse the substrate in DI water. 
8. Dry blow the wafer with air.  
9. Bake substrate for 2 minutes to remove moisture. 
 
Procedure 
1. Use 4’ Si wafers. 
2. Mix 1mM of FDTS (1.e., 0.0580 g of FDTS) in (100 mL) of isooctane in a teflon 
(PTFE) dish. 
Note: FDTS and isooctane mixture should be mixed in Nitrogen or Argon atmosphere 
to prevent cross polymerization. Argon gas is used in our experiment. 







4. Insert the wafer in a beaker filled with 50 ml 2-propanol and remove after 5 minutes. 
5. Immediately place the wafer in 50 ml of isooctane mixture for 5 minutes. 
6. Remove the wafer from the beaker and rinse it in a fresh beaker containing 50 mL 
isooctane immediately. Rinse for 5 minutes again and remove. 
7. Immediately place in FDTS +Isooctane mixture in the glove bag for 20 minutes. 
8. Remove the wafer from glove bag and place in a beaker containing 50 mL isooctane 
and rinse for 5 minutes and remove. 
9. Immediately place it in a fresh beaker containing 50 mL isooctane. Rinse for 5 
minutes and remove. 
10. Place it in a beaker containing 50 mL 2-propanol. Rinse for 5 minutes and remove. 
11. Place the wafer in a beaker containing 50 mL 2-propanol again. Rinse for 5 minutes 
and remove.  
Note: In steps 4-11, transfer from one beaker to another should be quickly done. Care 
must be taken to maintain the silicon wafer in liquid phase always 
12. Rinse the wafer in 50 mL water for 5 minutes and remove the wafer. 
 
Precautions 
1. Use gloves. Take care of skin and eye protection during experiment as FDTS is 
corrosive to skin and eyes. Rinse with water and remove clothing affected by 













Appendix E: Gold Nanoparticle Self-Assembled Monolayer Experimental Setup 
 
Chemicals Used 
 Table E.1. Chemicals used for Au NP SAM on Si.  
 
S.No. Chemical Name Amount Comments Vendor 
1. (3-mercapto-  
propy1)trimethoxysilane(MPS) 




2. 2-propanol 2L MPS solvent Sigma 
Aldrich 
3. AuNP 20nm, citric acid 
buffer, 200mL 
Au NP SAM Sigma 
aldrich 
4. Distilled water 2L AuNP solvent  
5. 1,9-Nonanedithiol 10g Linker chain Sigma 
Aldrich 






1. Clean the substrate. 
2. Add 5ml of water in 250ml of 2-propanol. 
3. Add 5ml of MPS to the above solution. 
4. Boil the solution (80C). 
5. Immerse the substrate in the solution for 20 minutes. 
6. Remove the substrate and rinse with 2-propanol. 
7. Dry blow with Ar. 
8. Bake at 100-107C for 8 minutes. 
9. For Au solution, 20-nm citrate buffer stabilized nanoparticles from sigma aldrich 
is used. Dilute 100ml of Au solution in 100ml of water. 








11. Remove the substrate. Rinse and dry blow. 
12. Immerse the dry substrate in 150ml toluene for 10 min. 
13. Add 0.1g of 1,9-nonanedithiol in 250ml of toluene. 
14. Remove the substrate from toluene and immerse in the dithiol solution for 1 hour. 
15. Remove and dry blow the substrate. 
16. Immerse in gold NP solution for 3 hours. 
17. Remove and dry blow the substrate. 
18. Repeat immersion in dithiol and Au NP till required layers are deposited.    
Precautions 
1. MPS and dithiol are hazardous and volatile chemicals. They must be used in 
fumehood.  
2. Appropriate Personal Protective Equipment (PPE) must be used.  
3. Dispose clothing if chemical spills and rinse body parts with excessive water. 
4. Hot plate should be used carefully and boiling the MPS solution must be done in 
fumehood. 
Personal Protective Equipment 
1. Gloves 
2. Tight fitting goggles 
3. Apron 
4. Face shield. 
 
 
 
 
 
